Fetuin-A interferes with insulin action in animal studies, but data on fetuin-A and diabetes risk in humans are sparse and the role of nonalcoholic fatty liver disease in this association is unknown. From 2000 to 2006, we prospectively identified 470 matched incident diabetes case-control pairs in the Nurses' Health Study, for whom levels of plasma fetuin-A, alanine transaminase (ALT), and g-glutamyltranspeptidase (GGT) were measured. After multivariate adjustment for covariates, including ALT and GGT, the odds ratio (OR) (95% CI) comparing extreme fetuin-A quintiles was 1.81 (1.07-3.06) (P for trend = 0.009). A mediational analysis showed that this positive association was largely (79.9%) explained by fasting insulin and hemoglobin A 1c levels; after further adjustment of these factors, the OR (95% CI) comparing extreme quintiles was attenuated to 1.09 (0.56-2.10) (P for trend = 0.42). In addition, liver enzymes did not modify this association (P for interaction = 0.91 for ALT and 0.58 for GGT). When results from this study were pooled with those in three prior prospective investigations of the same association, a consistent, positive association was observed between high fetuin-A levels and diabetes risk: the relative risk (95% CI) comparing high versus low fetuin-A levels was 1.69 (1.39-2.05) (P for heterogeneity = 0.45). These findings suggest that plasma fetuin-A levels were independently associated with higher risk of developing type 2 diabetes. Diabetes 62: [49][50][51][52][53][54][55] 2013 
Fetuin-A interferes with insulin action in animal studies, but data on fetuin-A and diabetes risk in humans are sparse and the role of nonalcoholic fatty liver disease in this association is unknown. From 2000 to 2006, we prospectively identified 470 matched incident diabetes case-control pairs in the Nurses' Health Study, for whom levels of plasma fetuin-A, alanine transaminase (ALT), and g-glutamyltranspeptidase (GGT) were measured. After multivariate adjustment for covariates, including ALT and GGT, the odds ratio (OR) (95% CI) comparing extreme fetuin-A quintiles was 1.81 (1.07-3.06) (P for trend = 0.009). A mediational analysis showed that this positive association was largely (79.9%) explained by fasting insulin and hemoglobin A 1c levels; after further adjustment of these factors, the OR (95% CI) comparing extreme quintiles was attenuated to 1.09 (0.56-2.10) (P for trend = 0.42). In addition, liver enzymes did not modify this association (P for interaction = 0.91 for ALT and 0.58 for GGT). When results from this study were pooled with those in three prior prospective investigations of the same association, a consistent, positive association was observed between high fetuin-A levels and diabetes risk: the relative risk (95% CI) comparing high versus low fetuin-A levels was 1.69 (1.39-2.05) (P for heterogeneity = 0.45). These findings suggest that plasma fetuin-A levels were independently associated with higher risk of developing type 2 diabetes. Diabetes 62: [49] [50] [51] [52] [53] [54] [55] 2013 T he liver plays a pivotal role in glucose metabolism and works in concert with the pancreas, muscle, adipose tissue, and other organs to maintain glucose homeostasis in the circulation (1) . Besides its function in gluconeogenesis and glycogen synthesis, accumulating evidence indicates that the liver also secretes molecules that can directly regulate peripheral insulin sensitivity (2) (3) (4) (5) . Of these molecules, fetuin-A is a serum glycoprotein produced primarily in the liver that circulates at high levels (6, 7) . Widely deemed as an inhibitor of calcification (8, 9) , fetuin-A also can inhibit the insulin receptor at the tyrosine kinase level (4, 10, 11) . Animal studies have consistently shown that fetuin-A knockout mice are resistant to weight gain and insulin resistance induced by diet or aging (12, 13) . Human observational studies regarding fetuin-A levels in relation to insulin resistance or diabetes are scarce. Several crosssectional studies documented a positive association between fetuin-A and prevalent diabetes (14, 15) , although a temporal relationship cannot be extrapolated from these studies. Thus far, only three prospective studies have been conducted and all reported a positive association between fetuin-A levels and diabetes risk (16) (17) (18) . However, it is largely unknown whether nonalcoholic fatty liver disease (NAFLD), a condition associated with both diabetes and fetuin-A levels (19, 20) , may explain or modify the association between fetuin-A and diabetes risk. Therefore, we performed a prospective, nested, case-control study among the Nurses' Health Study (NHS) participants to examine the association between fetuin-A and diabetes risk and to explore whether this association is explained or modified by alanine transaminase (ALT) and g-glutamyltranspeptidase (GGT), two liver enzymes that serve as surrogate markers of NAFLD (21) .
RESEARCH DESIGN AND METHODS
Study population. A total of 121,700 registered nurses living in one of 11 populous U.S. states composed the NHS when they responded to a questionnaire inquiring about their medical history and lifestyle characteristics in 1976. In 2000-2001, 18,717 NHS participants aged 53-79 years provided blood samples via overnight courier, which were immediately processed upon arrival; aliquots were placed into cryotubes as plasma, buffy coat, and erythrocytes. All cryotubes were stored in the vapor phase of liquid nitrogen freezers at 2130°C or less. Among these participants, we conducted a prospective, nested, case-control study to examine plasma biomarkers in relation to type 2 diabetes risk. After excluding women with self-reported prevalent diabetes, cardiovascular disease, and cancer at blood draw, we prospectively identified and confirmed 470 type 2 diabetes cases from the date of blood draw through June 2006. We used risk-set sampling to randomly select one control for each case from the rest of population who remained free of diabetes when the case was diagnosed (22) ; the probability of being selected as a control is proportional to the length of follow-up. We further matched cases and controls for age at blood draw (61 year), date of blood draw (63 months), fasting status (fast for $8 h or not), and race (white or other races). Of note, we excluded cases diagnosed with diabetes within the first year since blood collection to minimize reverse causation bias. The study protocol was approved by the institutional review board of the Brigham and Women's Hospital and the Human Subjects Committee Review Board of Harvard School of Public Health. Ascertainment of type 2 diabetes. In the baseline questionnaire and all biennial follow-up questionnaires, we inquire about the incidence of physiciandiagnosed diabetes. Participants who report such a diagnosis received a supplementary questionnaire querying about symptoms, diagnostic tests, and treatment for the purpose of confirmation. The self-report of diagnosis of type 2 diabetes has been demonstrated to be highly reliable in a validation study (23) in which self-reported diagnosis of diabetes was confirmed by medical records, which were reviewed by an endocrinologist blinded to the supplementary questionnaire information for 61 of 62 randomly selected participants who responded. In another validation study among the NHS participants, the reliability of a "negative screen" also was examined. Medical record review documented that 129 of 130 participants who reported a negative screen had fasting plasma glucose levels ,126 mg/dL (24) . Only patients with confirmed type 2 diabetes were included in this study. We used the American Diabetes Association 1998 criteria to confirm or refute self-reported type 2 diabetes diagnosis: 1) an elevated glucose concentration (fasting plasma glucose $7.0 mmol/L, random plasma glucose $11.1 mmol/L, or plasma glucose $11.1 mmol/L after an oral glucose load) and at least one symptom (excessive thirst, polyuria, weight loss, or hunger) related to diabetes; 2) no symptoms, but elevated glucose concentrations on two occasions; or 3) treatment with insulin or oral hypoglycemic medication. Measurement of fetuin-A and other biomarkers. Samples from each casecontrol pair were shipped in the same batch and analyzed in the same run. Within each batch, samples were assayed by the same technicians in a random sequence under identical conditions. Plasma fetuin-A levels were measured in singlicates by an enzyme immunoassay from R&D Systems (Minneapolis, MN). Plasma levels of ALT and GGT were measured using a direct enzymatic colorimetric assay, performed on the Roche P Modular system (Roche Diagnostics, Indianapolis, IN). Quality control samples (n = 80) were run along with the case-control samples. Based on the measurements of these samples, the average intra-assay coefficient of variation (CV) was 13.1% for fetuin-A, 7.9% for ALT, and 3.4% for GGT. We also measured C-reactive protein (CRP), hemoglobin A 1c (HbA 1c ), fasting insulin, and adiponectin among the cases and controls. The CVs for these assays was 1.2% for CRP, 5.3% for HbA 1c , 3.3% for fasting insulin, and 8.0% for adiponectin. Assessment of covariates. Information on major lifestyle practices, medical history, and body weight was collected at baseline and has been updated every two years since study baseline. BMI as self-reported weight in kilograms divided by height in meters squared was calculated to assess overall adiposity. We asked the participants to measure their waist circumference (at umbilicus) in 2000. Since 1980, diet has been assessed using a validated semiquantitative food frequency questionnaire every 2-4 years. Nutrient intake was calculated based on responses to the food frequency questionnaire, and the nutrient content of foods was derived from the Harvard Food Composition Database. Information on cigarette smoking, physical activity, family history of diabetes, postmenopausal hormone use, and history of hypertension or hypercholesterolemia also was assessed. We used the measurements of these covariates (except waist circumference) derived from the questionnaire administered in 1998 in the current analysis. The validity of these assessments has been documented in previous investigations (25) (26) (27) (28) . Statistical methods. Correlations between fetuin-A levels and diabetes risk factors, including age, BMI, waist circumference, and biomarkers, were evaluated using partial Spearman correlation coefficients (r), which were controlled for age at blood draw, time of blood draw, race, BMI, waist circumference, smoking status, postmenopausal hormone use, physical activity, alcohol use, and fasting status whenever appropriate. To evaluate the association between fetuin-A and diabetes risk, we used both conditional logistic regression and unconditional logistic regression. Because both methods generated largely similar results but unconditional logistic regression had more power for interaction tests, we show results only from unconditional logistic regression in this study. We categorized the study population into quintiles according to the distribution of fetuin-A levels among controls. In multivariate analysis, we controlled for all matching factors as well as the aforementioned covariates plus family history of diabetes; Alternate Healthy Eating Index (summarizing higher intakes of vegetables, fruit, nuts, soy, and cereal fiber, higher ratios of chicken plus fish to red meat and polyunsaturated to saturated fat, lower intake of trans fat, and multivitamin use for $5 years) (29) ; coffee consumption; history of hypercholesterolemia or hypertension; and levels of CRP, ALT, and GGT. P values for linear trend were calculated by entering the median value in each quintile of fetuin-A levels into the multivariate models. To examine potential interactions between fetuin-A and liver enzymes, we constructed interaction terms between these biomarkers in tertiles and used likelihood ratio tests to assess the significance of these interaction terms. Likelihood ratio tests are calculated as the difference of 22 log likelihood in models with and without interaction terms and follow the x 2 distribution with the degree of freedom equal to the number of parameters for the interaction terms. We used the same method to examine whether the association of fetuin-A is constant over time by evaluating the interaction between fetuin-A levels and the follow-up period. To model the dose-response relationship, we used restricted cubic spline regressions with three knots to examine possible nonlinear relationships between fetuin-A levels and risk of type 2 diabetes. Tests for nonlinearity were based on the likelihood ratio test, comparing the model with only the linear term to the model with the linear and the cubic spline terms. In a secondary analysis, we examined the extent to which the association of fetuin-A with diabetes risk can be mediated through fasting insulin and HbA 1c using an SAS macro %MEDIATE (available upon request). This program was based on the work of Lin et al. (30) estimating the proportion of treatment effect ascribed to surrogate markers. Last, we fitted a random-effects model to pool our results with previous studies (16) (17) (18) examining the same association.
All P values were two-sided, and 95% CIs were calculated for odds ratios (ORs). Data were analyzed with the Statistical Analysis Systems software package, version 9.1 (SAS Institute, Inc., Cary, NC) and STATA version 11.0 (Stata Corporation, College Station, TX). Table 1 shows baseline characteristics of cases and controls. Cases subjects with diabetes had a less favorable profile of lifestyle practices and medical history than controls, except for matching factors, which were evenly distributed between cases and controls. In terms of biochemical risk factors for type 2 diabetes, including fetuin-A, ALT, and GGT, cases had significantly higher levels of all of these markers at baseline than controls. Among controls, fetuin-A levels were inversely correlated with age at blood draw and were positively correlated with fasting insulin levels ( Table 2 ). The correlations with liver enzymes did not reach the level of significance. Among cases, we observed a largely similar pattern of correlations, although the correlation with HbA 1c and BMI was somewhat stronger than that among controls.
RESULTS
In a crude analysis adjusting for only matching factors, fetuin-A levels were significantly associated with increased risk of type 2 diabetes (Table 3) . After further adjusting for diabetes risk factors, including BMI, waist circumference, alcohol use, and CRP levels, the OR comparing extreme quintiles was attenuated from 2.20 to 1.77. Additional adjustment for ALT and GGT did not change these associations materially; the OR (95% CI) was 1.81 (1.07-3.06) (P for trend = 0.009). Last, when we further controlled for fasting insulin that may mediate the effects of fetuin-A on diabetes risk, the OR (95% CI) was attenuated to 1.23 (0.70-2.16) (P for trend = 0.16). Adjustment of HbA 1c further attenuated this OR (95% CI) to 1.09 (0.56-2.10) (P for trend = 0.42). Overall, we estimated that 79.9% (P = 0.03) of the association between fetuin-A and diabetes risk could be ascribed to fasting insulin and HbA 1c levels. Further adjustment for total adiponectin had little impact on this association; the OR (95% CI) was 1.10 (0.57-2.12) (P for trend = 0.41).
We did not find evidence suggesting any nonlinear relationship between fetuin-A levels and diabetes risk; P for nonlinearity was 0.52. Figure 1 demonstrates a dose-response relationship based on the results of the cubic spline regression. Given the likely linear association, we further estimated that for every 100 mg/mL increment of fetuin-A levels, the OR (95% CI) of type 2 diabetes was 1.27 (1.10-1.47).
ALT and GGT both were associated with an increased risk of type 2 diabetes: after adjusting for the covariates included in model 2 of Table 2 , ORs (95% CIs) comparing extreme quintiles were 2.42 (1.45-4.04) (P for trend , 0.0001) for ALT and 4.84 (2.56-9.17) (P for trend , 0.0001) for GGT. After the same multivariate adjustment, we did not detect significant interactions on the multiplicative scale between fetuin-A levels and ALT/GGT levels (P values for interaction were 0.91 for ALT and 0.58 for GGT). A joint analysis of fetuin-A and these liver enzymes demonstrated a strong positive association with diabetes risk when both fetuin-A and GGT levels were high (Supplementary Fig. 1 ), indicating that the positive associations of both markers with diabetes risk were simply additive to each other. Compared with women in the lowest tertiles of both fetuin-A and GGT levels, women with both markers in the highest tertiles had an OR (95% CI) of 5.70 (2.51-12.95), and these values were 3.16 (1.66-5.99) for the same joint association between fetuin-A and ALT levels.
We conducted several sensitivity analyses to examine the robustness of our observations. When we restricted the analysis to participants with HbA 1c levels less than 6.5% at baseline (90.5% of total participants), we found a similar association: the OR (95% CI) comparing extreme quintiles of fetuin-A was 1.86 (1.07-3.23) (P for trend = 0.01). Further restricting the analysis to participants with HbA 1c levels less than 5.7% (51.7% of total participants) generated somewhat stronger results, although the association did not reach significance because of diminished power: the OR (95% CI) was 2.23 (0.88-5.66) (P for trend = 0.14). When we repeated the analysis among participants with GGT levels less than 51 IU/L (88.0% of total participants), we observed a slightly attenuated association: the OR (95% CI) comparing extreme quintiles of fetuin-A was 1.77 (1.01-3.13) (P for trend = 0.04). To evaluate whether the association of fetuin-A with diabetes risk persisted throughout the 6 years of follow-up, we examined this association within the first and second 3 years of followup, respectively. In this analysis, to generate stable estimates, we examined fetuin-A tertiles. Results showed that the associations were similar in these two periods (P for interaction between fetuin-A and time = 0.22): in the first 3 ), waist circumference (cm), smoking status (current smoker, past smoker, nonsmoker), postmenopausal hormone use (yes, no), physical activity (MET-h/week), and alcohol use (abstainer, ,5.0, 5.0-14.9, $15.0 g/day). Fasting status (yes, no) also was adjusted in this analysis except for the correlation with fasting insulin. Age, BMI, waist circumference, and physical activity were not adjusted when calculating the correlation coefficients for these variables. For controls, n = 466 for HbA 1c and n = 418 for fasting insulin; otherwise n = 470; for cases, n = 466 for HbA 1c and n = 418 for fasting insulin; otherwise n = 470. †P , 0.05. ‡P , 0.01. ), waist circumference (cm), smoking status (current smoker, past smoker, nonsmoker), postmenopausal hormone use (yes, no), physical activity (in tertiles), alcohol use (abstainer, ,5.0, 5.0-14.9, $15.0 g/day), family history of diabetes (yes, no), Alternate Healthy Eating Index score (in tertiles), coffee consumption (in tertiles), history of hypercholesterolemia or hypertension (yes, no), and CRP (mg/L). ‡Based on model 2, ALT (IU/L) and GGT (IU/L) were further adjusted for in model 3.
FIG. 1. OR of type 2 diabetes (95% CI) by levels of fetuin-A. Study participants with the lowest and highest 1% of fetuin-A were excluded to minimize the potential impact of outliers. Multivariate logistic regression models were adjusted for the same set of covariates for model 3 in Table 3 . In this analysis, a linear relationship between plasma levels of fetuin-A and diabetes was not assumed. Bold lines are ORs and thin lines are 95% CIs. The horizontal line is the reference line. A: y-axis on a regular scale. B: y-axis on a natural logarithm scale.
years of follow-up, the OR (95% CI) comparing extreme tertiles was 1.81 (0.81-4.03) (P for trend = 0.10); in the second half of follow-up period, these values were 1.75 (1.09-2.81) (P for trend = 0.03).
In a secondary analysis, when we used a random effects model to pool our results with those of three previous prospective studies ( [16] [17] [18] , we observed remarkably consistent results across all four studies. The pooled OR (95% CI) was 1.69 (1.39-2.05) (I 2 = 0.0%; P for heterogeneity = 0.45) comparing high versus low fetuin-A levels ( Supplementary Fig. 2) . In this analysis, we included relative risks estimated from the fully adjusted multivariate model (Supplementary Table 1 ) in each study except that of Stefan et al. (17) , in which only age was adjusted for when modeling the association for quintiles of plasma fetuin-A levels. Detailed characteristics of these studies are listed in Supplementary Table 1 as well.
DISCUSSION
In this prospective study among women, we found a positive association between plasma fetuin-A levels and risk of type 2 diabetes, which was independent of liver enzymes and of other established risk factors for diabetes. Each 100 mg/mL increment in fetuin-A level was associated with a 27% increased risk of type 2 diabetes. Liver enzyme levels did not modify the association of fetuin-A with diabetes risk on the multiplicative scale.
The function of fetuin-A was first revealed through in vitro experiments that characterized fetuin-A as an antagonist of insulin's actions by inhibiting insulin receptor tyrosine kinase activity (10, 11, 31) . Fetuin-A knockout mouse models consistently demonstrated increased phosphorylation of insulin receptor and downstream signaling, improved insulin sensitivity, and resistance to weight gain induced by a high-fat diet or biological aging (12, 13) . Cross-sectional studies of humans have not consistently shown a positive relationship between fetuin-A levels and insulin resistance (14, 15, 20, (32) (33) (34) (35) (36) . The only available longitudinal study clearly showed that high baseline fetuin-A levels were prospectively associated with less improved insulin sensitivity after weight reduction (20) . Consistent with data from animal experiments and prospective human studies, our analysis demonstrated a positive correlation between fetuin-A and fasting insulin levels (r = 0.18), which partially explained the positive association of fetuin-A with diabetes risk. Of note, fetuin-A also may be causally involved in tissue calcification (8, 9) , although the role of such a function in the etiology of type 2 diabetes remains unclear.
Thus far, three previous prospective studies have been conducted to evaluate fetuin-A levels in relation to risk of developing type 2 diabetes. In the European Prospective Investigation into Cancer and Nutrition-Potsdam study consisting of 2,867 men and women aged 35-65 years, a significant linear dose-response relationship between fetuin-A levels and type 2 diabetes risk was found (17) . In 541 ethnically diverse men and women aged 70-79 years who participated in the Health, Aging, and Body Composition study, baseline fetuin-A levels were associated with more than a twofold increased risk of type 2 diabetes (16) . More recently, in the Cardiovascular Health Study consisting of 3,710 men and women at aged 65 years or older, fetuin-A levels also were associated with an increased risk of type 2 diabetes (18) . Despite the notable difference in study design, method of fetuin-A assays, and characteristics of participants including age, sex, and ethnicity, the current analysis and these three studies demonstrated highly consistent associations for fetuin-A. In our meta-analysis of all four studies, the pooled OR (95% CI) was 1.69 (1.39-2.05) (I 2 = 0.0%; P for heterogeneity = 0.45) comparing high versus low fetuin-A levels.
Few studies have examined the role of NAFLD in the association between fetuin-A and diabetes risk. Interestingly, both this analysis (r = 0.003 ; 0.03) and the European Prospective Investigation into Cancer and Nutrition-Potsdam study (r = 0.06) suggested that the correlation between fetuin-A and liver enzymes was at most moderate in the general population, although among subjects with possible insulin resistance, fetuin-A levels may be more strongly correlated with liver enzyme levels or liver fat content (20) . Nonetheless, prospective data are needed to elucidate whether high fetuin-A levels lead to subsequent fat accumulation in the liver. We found that the association of fetuin-A with diabetes was independent of liver enzyme levels, suggesting that fetuin-A and NAFLD may increase diabetes risk through different mechanisms.
Limitations of this investigation warrant consideration. First, our study participants primarily consisted of white female nurses. Because fetuin-A levels may vary across different ethnic groups (16) , it is unknown whether our results can be generalized to men and to other ethnicities. In addition, because the fetuin-A assay has not been standardized, absolute fetuin-A levels may not be comparable among different studies, further limiting the generalizability. Nonetheless, the results from the three prospective studies are highly consistent. Second, measurement error in the fetuin-A assay (intra-assay CV of 13.1%) may introduce random variation that likely attenuates the true association. In addition, baseline fetuin-A measurement may not necessarily represent biologically relevant, long-term values, and this source of measurement error may further attenuate the true association. However, in a random sample of 38 NHS participants, we evaluated the stability of fetuin-A levels in blood samples collected 1-2 years apart (37) and found an intraclass correlation of 0.88 (K.M. Rexrode, unpublished data; Supplementary Fig. 2 ), indicating that a single fetuin-A measurement may reasonably represent average levels over a few years. Third, although our validation studies have clearly demonstrated the accuracy of self-report of diabetes diagnosis, we cannot entirely exclude the possibility that some cases with underdiagnosed diabetes were excluded. However, because such under-diagnosis is unlikely related to fetuin-A levels, it would not be expected to bias the association because the numerator and denominator of the OR are multiplied by the same fraction (38) . Fourth, although we controlled for a wide array of possible confounders, including lifestyle, medical history, alcohol use, diet, and CRP levels, we cannot exclude the possibility that at least some of the association still can be explained by unmeasured or residual confounding. Fifth, we used ALT and GGT as surrogate markers of NAFLD; misclassification of the severity of NAFLD cannot be excluded and may bias our interaction tests toward the null. Nonetheless, liver biopsy, the diagnostic method for NAFLD, is not feasible in large-scale epidemiologic studies (21) . Last, it has been suggested that the association of fetuin-A with diabetes might be due to overnutrition (39) , but this notion was not supported by our study in which the association was independent of BMI and liver enzymes. However, we did not measure plasma albumin levels and therefore could not examine whether such an association was independent of overall hepatic protein production. The strengths of this analysis include a prospective study design, rigorous quality control of laboratory procedures, use of a validated approach to confirm cases with self-reported type 2 diabetes, high follow-up rate, large sample size, and rich data, allowing comprehensive analysis. Conclusion. High plasma fetuin-A levels were significantly associated with an increased risk of developing type 2 diabetes among U.S. women, and this association was independent of established diabetes risk factors as well as liver enzymes. Liver enzyme levels did not modify the association for fetuin-A on the multiplicative scale. Overall, existing data from prospective studies consistently support the hypothesis that fetuin-A is an independent, novel risk factor for type 2 diabetes.
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